Introduction
============

Currently, 350 million people suffer from chronic hepatitis B virus (CHBV) infection worldwide.^[@bib1]^ CHB infection is generally classified into three phases: the immune-tolerant (IT), immune-active and inactive phases.^[@bib2]^ Patients in the IT phase exhibit an immunosuppressive state and face a high risk of developing hepatocellular carcinoma even if their alanine aminotransferase level is normal and liver damage is minimal.^[@bib3]^

Hepatitis B virus (HBV) contains partially double-stranded deoxyribonucleic acid (DNA). Cellular receptor(s), which are key determinants for HBV entry into host cells, mediate the interaction between the virus and its host cells. A number of potential candidate HBV receptors mediating HBV entry have been described in the past three decades,^[@bib4]^ and sodium taurocholate co-transporting polypeptide (NTCP) was recently identified as a bonafide receptor for HBV on human hepatocytes.^[@bib5]^ However, the receptor-independent transmission of viruses has attracted much attention. Evidence shows that the human immunodeficiency virus (HIV), hepatitis C virus (HCV) and human T-cell lymphotropic virus can be transmitted via exosomes.^[@bib6]^

Exosomes are a subpopulation of extracellular vesicles that originate from multivesicular bodies (MVBs), which are a type of late endosome with sizes ranging from 30 to 150 nm. These vesicles can be produced by most cell types and are detectable in blood, urine and other body fluids.^[@bib7]^ Exosomes secreted in the extracellular space mediate cell-to-cell communication by transferring bio-macromolecules, functional proteins and nucleic acids between cells.^[@bib8],\ [@bib9]^ More recently, Bukong *et al.*^[@bib10]^ reported the presence of HCV viral ribonucleic acid (RNA) in exosomes isolated from the plasma of HCV-infected patients, and these exosomes effectively transmitted HCV to hepatocytes in a receptor-independent manner. Furthermore, Dreux *et al.*^[@bib11]^ demonstrated that HCV RNAs were encapsulated within hepatocyte-derived exosomes and transferred to plasmacytoid dendritic cells (DCs) to trigger interferon (IFN)-α production. These studies suggest that exosomes mediate the cell-to-cell transmission of HCV and act as a potential immune evasion or response mechanism.

Regarding the role of exosomes in HBV infection, it is unclear whether exosomes derived from HBV-infected hepatocytes mediate the transmission of HBV infection. Li *et al.*^[@bib12]^ reported that IFN-α-induced antiviral responses were transmitted from liver nonparenchymal cells to HBV-infected hepatocytes via exosomes, and thus restored the antiviral state in hepatocytes. In CHB patients, NK-cell functions are disturbed during persistent HBV infection, displaying lower cytolytic activity and IFN-γ secretion.^[@bib13],\ [@bib14]^ Therefore, it is reasonable to hypothesize that HBV may impair NK-cell function via exosomes.

In this study, we isolated exosomes derived from the serum of CHB patients in the IT phase. We found that these exosomes contained HBV viral components and induced active infection in naive human hepatocytes. Importantly, HBV components were observed to be transmitted into NK cells by exosomes, resulting in NK-cell dysfunction partly by dampening the nuclear factor κB (NF-κB) and p38 mitogen-activated protein kinase (MAPK) signaling pathways. These findings reveal a previously unappreciated role of HBV-positive exosomes in the regulation of innate immune responses during CHBV infection.

Materials and methods
=====================

Patient samples
---------------

Peripheral blood samples and clinical assessments were obtained during routine follow-ups of hepatitis patients. CHB patients in the IT phase were admitted to the Qilu Hospital at Shandong University. All patients were negative for other viral infections, including hepatitis D virus, HCV and HIV, and had no autoimmune liver diseases. An age- and sex-matched control group was composed of healthy subjects. The clinical characteristics of these samples are described in [Table 1](#tbl1){ref-type="table"}. In accordance with the Ethics Committee of Shandong University, informed consent was acquired from all participants.

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll gradient separation after centrifugation. NK cells were purified by negative selection using a human NK cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer\'s instructions. Cell purity was determined by flow cytometry with anti-CD3 and anti-CD56 antibodies (BD Pharmingen, San Jose, CA, USA) and the purity of the NK cells (CD3^−^CD56^+^) was determined to be \>95%.

Cell culture
------------

K562 and HepG2 cells were cultured in RPMI-1640 medium (GIBCO/BRL, Grand Island, NY, USA), supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin and 10% fetal bovine serum. The human NK cell line NK-92 was cultured as previously described.^[@bib15]^ The HLCZ01 cell line, a newly established hepatocellular carcinoma cell line supporting the entire life cycles of both HBV and HCV, was cultured as described previously.^[@bib16]^

Exosome isolation
-----------------

Because of the limited volume of each sample, several fresh serum samples from CHB patients with similar clinical indicators or healthy donors were collected and mixed for exosome isolation. Then, the mixture was centrifuged at 2500*g* for 10 min at 4 °C to remove cell debris and then filtered through a 0.2-μm filter. The supernatant was ultracentrifuged at 110 000*g* for 70 min, followed by one wash with phosphate-buffered saline (PBS). Positive selection of the exosomes was performed using CD63-labeled Dynabeads (Life Technologies, Carlsbad, CA, USA) as per the manufacturer\'s instructions. For labeling, the exosome solution was incubated with 0.5 μg/ml 1,1\'-dioctadecyl-3,3,3\',3\',-tetramethylindodicarbocyanine, 4-chlorobenzenesulfnate salt (DiD) (Keygenbio, Nanjing, China) for 30 min. The total protein content of the exosomes was determined using a BCA Protein Assay (Beyotime, Beijing, China), and each sample was normalized to a 200 μg/ml concentration in PBS and stored until use.

Electron microscopy
-------------------

Anti-CD63 immuno-magnetic bead-bound exosomes were re-suspended in PBS and spotted onto formvar-carbon-coated grids (200 mesh). The adsorbed exosomes were fixed with 2% (vol/vol) paraformaldehyde for 5 min at room temperature. Fixation was followed by washes with deionized water, and then the exosomes were directly negatively stained using uranyl acetate. The grids were visualized using a JEM-1011 transmission electron microscope (JEOL, Tokyo, Japan).

NK cells were fixed with 2.5% glutaraldehyde followed by post-fixation in 1% OsO~4~ (Rongbio, Shanghai, China). Dehydration, embedding and thin sectioning (70 nm) were performed. The samples were stained with uranyl acetate and lead citrate, and finally examined with a JEM-1230 transmission electron microscope (JEOL).

Live-cell fluorescence microscopy
---------------------------------

For live-cell imaging, carboxyfluorescein diacetate succinmidyl ester (CFSE)-labeled HLCZ01 or primary NK cells were plated on a glass-bottom dish (MatTek, Bratislave, Slovak Republic). The live-cell confocal time-lapse sequences were taken on a Zeiss Cell Observer s.d. Confocal Microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). Excitation wavelengths of 488 and 639 nm were selected for CFSE (Beyotime, Nanjing, China) and DiD, respectively. Emission was detected by a 60 × or 100 × oil-immersion objective, and the images were collected in a single *z*-plane. A stage-top incubator was set to 37 °C and 5% CO~2~ to keep the cells alive. All the images were acquired and processed with the Zeiss AxioVision software package (Carl Zeiss Microscopy GmbH).

Analysis of total HBV DNA and RNA
---------------------------------

DNA was extracted from exosomes or cells using a DNA blood mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer\'s instructions. To remove any viruses derived from the blood that might be adsorbed on the cell surface, isolated leukocytes were treated with DNase I (Sigma Aldrich, St Louis, MO, USA) before DNA and RNA isolation. The level of HBV-relaxed circular DNA (rcDNA) or HBV covalently closed-circular DNA (cccDNA) was detected by polymerase chain reaction (PCR) as described previously.^[@bib17]^ For PCR detection of HBV cccDNA, the total DNA was digested with S1 nuclease (Invitrogen, Carlsbad, CA, USA). HBV virus loading was also quantified by quantitative PCR according to the instructions for the Diagnostic Kit for Quantification of HBV DNA (Da-An, Guangzhou, China). The total RNA of exosomes or cells was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) according to manufacturer\'s instructions. The extracted RNA was also treated with DNase I to remove the contaminated HBV DNA before reverse transcription using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Meanwhile, the reverse transcriptase-negative control was measured to evaluate the contaminated DNA-to-RNA ratio and the elimination efficiency of DNase I. The *HBV X* and *S/P* genes were analyzed using reverse transcription polymerase chain reaction (RT-PCR). The PCR primer sequences are provided in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}.

Immunofluorescence and immunohistochemistry
-------------------------------------------

HLCZ01 cells were pulsed with 10 μg of DiD-labeled exosomes per 5 × 10^4^ cells for 30 min, then washed in PBS and stained with 4′,6-diamidino-2-phenylindole and imaged with an Olympus IX-71 microscope (Olympus, Tokyo, Janpan). Subsequently, HLCZ01 cells were pulsed with DiD-labeled exosomes for 24 h, washed in PBS, and then cultured in fresh medium for another 24 h. Then, heaptitis B core antigen (HBcAg) and hepatitis e antigen (HBeAg) were visualized by staining with rabbit α-HBc or α-HBs Abs (Genetech, Shanghai, China), followed by Envision System HRP detection staining (Genetech, Shanghai, China) performed using the manufacturer\'s protocol. Images were taken with an Olympus IX-71 Inverted microscope (Olympus).

Flow cytometric analysis
------------------------

Multiparameter flow cytometry was performed according to a standard protocol, and the data were acquired using a FACSCalibur flow cytometer and analyzed using FlowJo software (Treestar Inc., Ashland, OR, USA). For CD107a staining, NK cells were incubated with 10 μg/ml Brefeldin A and 6 μg/ml monensin (Sigma Aldrich) in the presence of anti-human CD107a antibodies for 4 h and then surface stained for CD3 and CD56. For intracellular staining, the NK cells were stimulated with or without 100 μg/ml poly(I:C) (Sigma Aldrich) and 200 U/ml rhIL-2 (Changsheng, Changchun, China) for 20 h, and then 10 μg/ml Brefeldin A and 6 μg/ml monensin were added. The cells were harvested 4 h later and then washed, fixed and permeabilized. Surface or intracellular staining was performed using the following anti-human mAbs: AlexaFluor 488-labeled IgG isotype control and anti-CD3; Phycoerythrin (PE)-labeled IgG isotype control, anti-CD107a, anti-IFN-γ, anti-TNF-α, anti-perforin, anti-GramB, anti-NKG2A, anti-NKp44, anti-NKp46, anti-2B4, anti-TLR3, anti-TLR7 and anti-TLR9; PE-Cy5-labeled IgG isotype control and anti-CD56; APC-labeled IgG isotype control, anti-NKG2D and anti-DNAM-1 (BD Biosciences, San Jose, CA, USA). RIG-I, p-p38, and p-NF-κB were tested by primary (Cell Signaling Technology, Danvers, MA, USA) and secondary antibodies (PE-labeled goat anti-rabbit IgG). Exosomes labeled with anti-CD81-peridinin chlorophyll-eFluor 710 (eBioscience, San Diego, CA, USA) were evaluated using a BD FACSAria II instrument (BD Biosciences). The data were compensated with single fluorochromes and analyzed using FlowJo software (Treestar Inc.).

Exosome capture assay
---------------------

NK cells were incubated with DiD-labeled exosomes at 37 or 4 °C for the indicated time points. Then, the NK cells were extensively washed in PBS, fixed and the percentage of positive cells was analyzed with fluorescence activated cell sorting.

Western blot
------------

Total protein was prepared by re-suspending the exosomes or NK cells in RIPA buffer (50 mM Tris--HCl pH 7.4, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40 and 0.1% sodium dodecyl sulfate (SDS)) containing a 1 m[m]{.smallcaps} phenlymethylsulfonyl fluoride and protease inhibitor mixture (Roche Applied Science, Mannheim, Germany). The exosome lysates (10 μg/lane) and NK-cell lysates (30 mg/lane) were separated by SDS polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA), which was blotted with primary antibodies. Rabbit polyclonal anti-RIG-I, anti-NF-κB (p65), anti-phospho-NF-κB (p65), anti-p38, anti-phospho-p38 (Thr 180/Tyr 182), anti-Hep B HBsAg and anti-β-actin Abs were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-CD63 Ab was purchased from Abcam (Abcam, Cambridge, UK). These Abs were detected using HRP-conjugated goat-anti-mouse or HRP-conjugated goat-anti-rabbit (Santa Cruz, CA, USA) secondary antibodies. Protein bands were visualized by enhanced chemiluminescence (Millipore, Billerica, MA, USA) and analyzed using ImageLab software (Version 3.0, Bio-Rad, Hercules, CA, USA).

Statistical analysis
--------------------

All data were analyzed using GraphPad Prism 5 (GraphPad Software, Inc. La Jolla, CA, USA). When appropriate, Student\'s *t*-test or one-way analysis of variance with Dunnett\'s post-test were used to determine statistically significant differences among the control and experimental groups. Significance was defined as \**P*\<0.05 and \*\**P*\<0.01.

Results
=======

Exosomes derived from CHB patients contained HBV components
-----------------------------------------------------------

To investigate the capacity of exosomes derived from the serum of CHB patients to mediate the active transmission of HBV, a CD63 immuno-magnetic isolation method was used to purify exosomes from the serum of CHB patients.^[@bib10]^ The vesicular shape of these exosomes was demonstrated using transmission electron microscopy, and they were 50--100 nm in size ([Figure 1a](#fig1){ref-type="fig"}). Furthermore, these exosomes were characterized by the expression of another exosomal marker, CD81 ([Figure 1b](#fig1){ref-type="fig"}). To clarify whether these exosomes contain HBV components, the HBV nucleic acids and proteins were analyzed. The results showed that HBV DNA and HBV RNA ([Figure 1c](#fig1){ref-type="fig"}), as well as HBsAg ([Figure 1d](#fig1){ref-type="fig"}), existed in exosomes derived from the serum of CHB patients. The enzyme-linked immunosorbent assay analysis showed that the levels of HBsAg, HBeAg and HBs antibody were 1.9--5.4 ng, 5.2--1.5 nCU and 3.4--13.0 nIU, respectively. These findings indicate that exosomes present in the serum of CHB patients contain both HBV nucleic acids and HBV proteins.

Exosomes transmitted HBV to uninfected hepatoma cells
-----------------------------------------------------

To understand whether exosomes derived from CHB patients can transmit HBV to uninfected hepatocytes, CFSE-labeled HLCZ01 cells were incubated with exosomes labeled with DiD and real-time fluorescence microscopy was employed to track the process of exosome entry into HLCZ01 cells ([Supplementary Movie S1](#sup1){ref-type="supplementary-material"}). The results showed that the exosomes moved rapidly and freely in the medium; meanwhile, the exosomes were inclined to attach to and enter into HLCZ01 cells ([Figure 2a](#fig2){ref-type="fig"},[Supplementary Movie S2](#sup1){ref-type="supplementary-material"}). The uptake of exosomes by HLCZ01 cells was also confirmed by immunofluorescence. As shown in [Figure 2b](#fig2){ref-type="fig"}, unlike live cells, paraformaldehyde-fixed cells could not take up DiD-labeled exosomes, confirming that the uptake of exosomes by hepatocytes was an active process. Furthermore, 2 days after exposure to HBV-positive exosomes, HLCZ01 cells were shown to be positive for HBsAg and HBcAg using an immunohistochemistry assay ([Figure 2c](#fig2){ref-type="fig"}). The level of these antigens and HBV viral loading was comparable to that of HLCZ01 cells treated with the supernatants from HepG2.2.15 cells, a cell line derived from HepG2 cells transfected with a plasmid carrying two head-to-tail copies of the HBV genome from HBV DNA serotype ayw ([Figure 2d](#fig2){ref-type="fig"}). These results indicate that exosomes function as efficiently as free virus in transmitting HBV infection to hepatocytes.

Exosomes derived from CHB patients affected NK-cell functions
-------------------------------------------------------------

NK cells are the major cytolytic effector cells in PBMCs in the absence of previous stimulation. Similar to previous reports,^[@bib18]^ we observed that the cytotoxicity mediated by NK cells from CHB patients against K562 cells was suppressed compared to the cytotoxicity mediated by NK cells from healthy donors ([Figure 3a](#fig3){ref-type="fig"}). This observation was accompanied by a decrease in the degranulation molecule CD107a ([Figure 3b](#fig3){ref-type="fig"}) and the expression of IFN-γ ([Figure 3c](#fig3){ref-type="fig"}), indicating that HBV infection suppresses NK-cell function. We further investigated whether HBV disturbed NK-cell function via exosomes. Primary NK cells from healthy donors were incubated with the exosomes derived from CHB patients for 2 days. NK cell-mediated cytotoxicity, CD107a, IFN-γ and the tumor necrosis factor (TNF)-α production of these NK cells were significantly lower than those of NK cells incubated with exosomes derived from healthy volunteers ([Figures 3d and e](#fig3){ref-type="fig"}). The expression of the activating receptor NKp44 on NK cells was significantly reduced by CHB exosomes, while the expression of the inhibitory receptor NKG2A was upregulated ([Figure 3f](#fig3){ref-type="fig"}). These data suggest that exosomes derived from CHB patients contribute to NK-cell dysfunction.

Exosomes-mediated HBV transmission into NK cells
------------------------------------------------

Subsequently, we clarified whether exosomes derived from CHB patients disturb NK-cell functions by shuttling HBV into NK cells. First, we evaluated the presence of HBV DNA and HBV RNA in primary NK cells purified from the PBMCs of CHB patients. As shown in [Figure 4a](#fig4){ref-type="fig"}, HBV rcDNA, but not cccDNA, was observed in these NK cells, along with HBV RNA (HBx and HBs/p), using PCR or RT-PCR analysis. Simultaneously, viral inclusion-like particles were observed in the cytoplasm of NK cells from CHB patients under electron microscopy ([Figure 4b](#fig4){ref-type="fig"}). On the basis of the evidence that all leukocyte subpopulations are able to take up the exosomes released by tumor cells,^[@bib19]^ NK cells from healthy donors were incubated with exosomes derived from CHB patients. Real-time fluorescence microscopy ([Figure 4c](#fig4){ref-type="fig"}, [Supplementary Movie S3](#sup1){ref-type="supplementary-material"}) and flow cytometric analysis ([Figure 4d](#fig4){ref-type="fig"}) showed that the exosomes attached to NK cells and then were taken up by NK cells, which was affected by low temperature and the incubation time, as described in other articles.^[@bib20]^ Moreover, the uptake capacity of NK cells was significantly increased by transforming growth factor (TGF)-β treatment ([Figure 4e](#fig4){ref-type="fig"}). It is important to note that as shown in [Figure 4f](#fig4){ref-type="fig"}, HBV rcDNA and HBV RNA were detected in NK cells exposed to HBV-positive exosomes, which was consistent with the observations made using peripheral NK cells from CHB patients ([Figure 4a](#fig4){ref-type="fig"}). These findings indicate that exosomes can function as a carrier to transmit and deliver HBV components into NK cells, and this process can be regulated by cytokines correlated with NK-cell dysfunction.

HBV components inhibited NK-cell functions and cell viability
-------------------------------------------------------------

To confirm whether HBV components directly interfere with NK-cell functions, NK-92 cells were transfected with the pLMP-HBV plasmid (HBV^+^ NK-92). In this cell model, HBV^+^ NK-92 cells, similar to primary NK cells isolated from CHB patients, carried HBV rcDNA and HBV RNA (HBx and HBs/p) ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). K562 and HepG2 tumor cell lines were used as target cells. The cytotoxicity mediated by HBV^+^ NK-92 cells was \~10% lower than the cytotoxicity mediated by HBV^−^ NK-92 control cells ([Figure 5a](#fig5){ref-type="fig"}). In addition, reduced expression of CD107a and the cytotoxic mediators perforin and Granzyme B (GramB) was observed ([Figure 5b](#fig5){ref-type="fig"}). Meanwhile, the intracellular levels of IFN-γ, but not TNF-α, were downregulated in HBV^+^ NK-92 cells ([Figure 5c](#fig5){ref-type="fig"}). Furthermore, compared to control cells, the proliferative ability of HBV^+^ NK-92 cells was suppressed ([Figure 5d](#fig5){ref-type="fig"}), and cell cycle analysis showed that these cells arrested in G0/G1 phase ([Figure 5e](#fig5){ref-type="fig"}) and had increased apoptosis rates ([Figure 5f](#fig5){ref-type="fig"}). These data indicate that HBV can directly disturb NK-cell functions and survival.

HBV dampened RIG-I expression and the downstream signaling pathways in NK cells
-------------------------------------------------------------------------------

NK cells from CHB patients exhibit impaired responsiveness to activating signals.^[@bib18]^ We further investigated how HBV affected NK cells and their signaling pathways. HBV^+^ NK-92 and control cells were stimulated with poly (I:C), which mimics double-strand viral RNA and acts synergistically with IL-2 to induce IFN-γ production by NK cells.^[@bib21]^ As shown in [Figure 6a](#fig6){ref-type="fig"}, compared to HBV^−^ NK-92 cells, the expression levels of CD107a and the cytotoxic mediators perforin and GramB, as well as the IFN-γ expression levels, were reduced in HBV^+^ NK-92 cells in response to poly (I:C) stimulation ([Figure 6b](#fig6){ref-type="fig"}).

Upon the recognition of viral components or pathogen-associated molecule patterns, pattern-recognition receptor (PRR) activation induces inflammatory cytokines, such as type I-IFNs, to control viral replication and dissemination, and subsequently initiate adaptive immunity.^[@bib22]^ Therefore, we analyzed whether HBV nucleic acids influenced the expression of any PRRs associated with virus recognition in NK cells, including TLR3, TLR7, TLR9 and RIG-I.^[@bib21],\ [@bib23]^ As shown in [Figure 6c](#fig6){ref-type="fig"}, the expression level of PRRs, especially RIG-I, in NK-92 cells was obviously downregulated by pLMP-HBV plasmid transfection. Consistently, the level of RIG-I expressed by primary NK cells from CHB patients was also decreased compared to NK cells from healthy donors ([Figure 6d](#fig6){ref-type="fig"}). To further confirm whether RIG-I is involved in NK-cell dysfunction during HBV infection, HBV^+^ NK-92 cells were transfected with a plasmid containing the caspase-recruitment domain of RIG-I. As shown in [Figure 6e](#fig6){ref-type="fig"}, the reduced CD107a expression in NK cells during HBV infection was partly restored by RIG-I overexpression.

The NF-κB and MAPK pathways, downstream of PRRs including RIG-I, were reported to be responsible for NK-cell activation and cytokine production.^[@bib21],\ [@bib24]^ We examined the signaling molecules associated with the activation of NF-κB and MAPK in NK-92 cells. As shown in [Figure 6f](#fig6){ref-type="fig"}, NF-κB and p38 MAPK phosphorylation levels were lower in HBV^+^ NK-92 cells than in HBV^−^ NK-92 cells with or without poly (I:C) treatment, but no significant changes were observed for the phosphorylation of ERK, c-Jun and JNK within the MAPK pathway (data not shown). Consistent with this, the NF-κB and p38 MAPK phosphorylation levels in primary NK cells from CHB patients were lower than in NK cells from healthy donors ([Figure 6g](#fig6){ref-type="fig"}). Similar results were observed in primary NK cells from healthy donors treated with HBV^+^ exosomes ([Figure 6h and i](#fig6){ref-type="fig"}). These findings suggest that HBV might directly interfere with NK-cell function in a RIG-I-dependent manner, which dampens the activation of both NF-κB and p38.

Discussion
==========

The exosome is an endogenous nanovesicle with a bilayer membrane that contains various proteins, lipids and nucleic acids, and plays an important role in many biological processes.^[@bib25]^ Although the effects of exosomes in mediating HCV transmission between cells have been extensively demonstrated recently,^[@bib10],\ [@bib11],\ [@bib26]^ the role of exosomes in HBV infection has not been clarified thus far.

In the present study, we found that the exosomes present in the serum of CHB patients contain both HBV nucleic acids and HBV proteins ([Figure 1](#fig1){ref-type="fig"}). HBV cccDNA was thought to be present in the nucleus with a much lower copy number than other HBV DNA/RNA. However, it is reported that some viruses, such as retroviruses, can hijack the exosomal machinery, bud inside MVBs and subsequently secrete within exosomes.^[@bib27]^ Here, we speculate that the nuclei of hepatic parenchymal cells from CHB patients is disturbed by HBV infection, which results in HBV cccDNA flowing into the cytoplasm and then budding inside the exosomes. Moreover, HBV-positive exosomes transmit HBV to uninfected hepatoma cells, which function as effectively as free virus within a HepG2.2.15 cell supernatant ([Figure 2](#fig2){ref-type="fig"}, [Supplementary Movie S2](#sup1){ref-type="supplementary-material"}). Recently, NTCP has been identified as a putative HBV receptor.^[@bib5]^ Because HBV virions may be contaminated in the exosome fraction, we analyzed exosome-mediated HBV transmission to a NTCP-negative hepatocyte line, HepG2. The results show that the cells were HBsAg^+^ and HBcAg^+^ after 2 days exposure to HBV-positive exosomes but negative when incubated with HepG2.2.15 cell supernatant ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}), further supporting that exosome-mediated HBV transmission occurs independently of HBV receptors. This finding shows that exosomes act as carriers of HBV virus, viral nucleic acid and viral proteins, as observed in HCV and HIV.^[@bib6]^

NK cells represent the principal effector cell population involved in innate immune responses to viral infections, and NK cell dysfunction may contribute to viral persistence.^[@bib28]^ Our results suggest that NK cells could be functionally impaired in CHB patients, with decreased cell cytotoxicity and IFN-γ production ([Figures 3a and b](#fig3){ref-type="fig"}). Generally, the upregulation of immunosuppressive factors, such as TGF-β, in HBV-infected hosts contributes to NK-cell dysfunction.^[@bib14]^ Here, we found that HBV-positive exosomes inhibited the cytolytic activity and IFN-γ production of primary NK cells from healthy donors ([Figures 3c and d](#fig3){ref-type="fig"}), suggesting that HBV might influence NK-cell function via exosomes. Although there is still controversy, HBV nucleic acids have been reported to be detectable in peripheral NK cells using limiting dilution PCR or deep sequencing analysis of HBV genomes.^[@bib29],\ [@bib30]^ In the present study, we also found that HBV nucleic acids were present in NK cells from CHB patients ([Figure 4](#fig4){ref-type="fig"}). However, the HBV cccDNA present in exosomes was not detected in either primary NK cells from CHB patients or NK cells from healthy donors exposed to HBV-positive exosomes ([Figures 4a and f](#fig4){ref-type="fig"}). Untergasser *et al.*^[@bib17]^ found that even though circulating DCs can take up HBV antigens and HBV DNA, these DCs cannot support the nucleocytoplasmic transport or replication of HBV. Therefore, we speculate that HBV cccDNA transferred by exosomes would be removed by intrinsic complex mechanisms of NK cells or that NK cells do not sustain HBV replication. The precise mechanisms need more intensive molecular biologic studies.

It has been reported that NK cells can take up exosomes released by tumor cells, resulting in phenotypic and functional changes of NK cells.^[@bib31]^ Interestingly, we detected HBV nucleic acids in NK cells from healthy donors after treatment with HBV-positive exosomes. We also found that the immunosuppressive factor TGF-β enhanced the uptake of exosomes by NK cells ([Figure 4](#fig4){ref-type="fig"}). Similar phenomena were observed when NK-92 cells were transfected with the pLMP-HBV plasmid ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). In this cell model, HBV genome transfection decreased NK-92 cell cytotoxicity and CD107a expression, accompanied by the reduction of IFN-γ, perforin and GramB, similar to what was observed in primary NK cells isolated from CHB patients. Meanwhile, HBV^+^ NK-92 cells displayed reduced proliferation ability, cell cycle arrest and apoptosis ([Figure 5](#fig5){ref-type="fig"}), consistent with the reduced numbers of circulating NK cells in CHB patients.^[@bib32],\ [@bib33]^ These results confirm that HBV-positive exosomes can be taken up by NK cells, and that HBV nucleic acids present in NK cells contribute to NK cell dysfunction and diminished NK cell survival.

NK cell activation is controlled by a dynamic balance between the complementary and antagonistic pathways that are initiated upon ligand binding.^[@bib24]^ The NF-κB and MAPK pathways broadly participate in lymphocyte proliferation, maturation and activation.^[@bib24]^ In CHB patients, PRRs are downregulated in peripheral blood monocytes, hepatocytes and Kupffer cells, with decreased type I IFNs and cytokine production in response to TLR ligands.^[@bib34],\ [@bib35]^ We observed the suppression of RIG-I expression, as well as the inhibition of p38 and NF-κB activation, in primary NK cells from CHB patients and in primary NK cells from healthy donors after treatment with exosomes from CHB patients ([Figure 6](#fig6){ref-type="fig"}). Therefore, these results indicate that HBV nucleic acids disrupt NK-cell function partly by reducing RIG-I expression and inhibiting NF-κB and p38 activation, dampening NK-cell responses to the intermediate RNA products derived from HBV.

In summary, our findings provide mechanistic insight into the exosome-mediated transmission of HBV in a viral receptor-independent manner (illustrated in [Figure 7](#fig7){ref-type="fig"}). We found that exosomes shuttle HBV into uninfected hepatocyte cells as efficiently as free-virus infection. In addition, HBV can be transferred into non-permissive NK cells via exosomes. As a result, HBV nucleic acid induces the functional tolerance of NK cells by downregulating RIG-I expression and inactivating the NF-κB and p38 pathways. These observations suggest that exosomes may serve as important regulators of HBV transmission and may be involved in escaping innate immunity.
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![Exosomes derived from CHB patients contained viral components. (**a**) Electron microscope image of purified exosomes from CHB serum. Scale bar, 100 nm. (**b**) CD81 protein was used to identify the exosomes isolated from CHB serum using flow cytometry. The shaded histograms represent the isotype control. (**c**) HBV DNA (rcDNA and cccDNA) and RNA (HBx and HBs/p) in exosomes isolated from CHB serum were detected using PCR and RT-PCR, respectively. (**d**) Western blot analysis of HBsAg and CD63 in exosomes from HD and CHB patient serum (10 μg/well). (Because of the limited volume of each sample, six fresh serum samples from CHB patients or healthy donors were harvested and mixed for exosome isolation). One representative of at least three independent experiments is shown. CHB, chronic hepatitis B; HBV, hepatitis B virus; DNA, deoxyribonucleic acid; rcDNA, relaxed circular DNA; cccDNA, closed-circular DNA; RNA, ribonucleic acid; PCR, polymerase chain reaction; RT-PCR, reverse transcription polymerase chain reaction; HD, healthy donors.](cmi201624f1){#fig1}

![Exosomes can transmit HBV to uninfected hepatoma cells. (**a**) The confocal image shows the co-localization of CFSE-labeled HLCZ01 cells (green) incubated with DiD-labeled exosomes (red) for 2 h. Scale bar, 20 μm. (**b**) Comparison of the ability to take up DiD-labeled exosomes (red) between live HLCZ01 cells and fixed HLCZ01 cells. Scale bar, 20 μm. (**c**) Immunocytochemical staining of HBsAg and HBcAg proteins in HLCZ01 cells infected with exosomes or HepG2.2.15 supernatant. Scale bar, 20 μm. (**d**) Quantitative PCR analysis of HBV DNA in HLCZ01 cells treated with HD/CHB exosomes, the supernatant of HepG2 cells or the supernatant of HepG2.2.15 cells at an multiplicity of infection of 50 per cell (*n*=3). HepG2 and HepG2.2.15 cells were used as negative and positive controls, respectively. The results are representative of at least three independent experiments. The data are expressed as the mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01. CHB, chronic hepatitis B; DNA, deoxyribonucleic acid; GS, HepG2 supernatant; HBV, hepatitis B virus; HD, healthy donors; 2.15S, HepG2.2.15 supernatant; PCR, polymerase chain reaction.](cmi201624f2){#fig2}

![Exosomes derived from CHB patients affected NK cell function. PBMCs from HD and CHB patients were used to determine NK cell-mediated cytotoxicity against K562 cells using the 3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) method (**a**), and the production of CD107a (**b**) and IFN-γ (**c**) in CD56^+^CD3^−^ NK cells was analyzed using flow cytometry. (**d**) NK cells isolated from HD were treated with exosomes (5 or 10 μg/ml) from CHB or HD. Then, the cytotoxicity against K562 cells was determined by CFSE/7AAD assay (left) and CD107a production was tested by flow cytometry (right). (**e**) IFN-γ and TNF-α production by NK cells treated as in **d** were determined by flow cytometry. (**f**) The expression of activating receptors and inhibitory receptors on NK cells treated with CHB exosomes (10 μg/ml) was determined by fluorescence activated cell sorting (FACS) analysis. The results are representative of three independent experiments. The data are expressed as the mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01. CHB, chronic hepatitis B; HD, healthy donors; NK, natural killer; PBMCs, peripheral blood mononuclear cells.](cmi201624f3){#fig3}

![HBV can be transmitted into NK cells through exosomes. (**a**) Identification of HBV DNA (rcDNA and cccDNA) and HBV RNA (HBx and HBs/p) in NK cells isolated from HD and CHB patients. (**b**) Transmission electron microscopy of ultrathin sections was used to observe freshly isolated NK cells from CHB patients with high virus loading. Cytoplasmic inclusion bodies with irregular electron density are shown on the left and middle panels (arrows and loop). Scale bar, 2 μm and 200 nm. (**c**) Confocal images of the co-localization of CFSE-labeled (green) primary NK cells from HD incubated with DiD-labeled exosomes (red) for 3 h. Scale bar, 20 μm. (**d**) The uptake of DiD-labeled exosomes by primary NK cells after 12 or 24 h incubation at 37 or 4 °C was determined by flow cytometry. (**e**) TGF-β (5 ng/ml) enhanced the ability of primary NK cells to take up DiD-labeled exosomes (red). (**f**) Analysis of HBV DNA (rcDNA and cccDNA) and RNA (HBx and HBs/p) in primary NK cells from HD infected with exosomes derived from CHB serum for 0--5 days. The results are representative of at least three independent experiments. The data are expressed as the mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01. cccDNA, closed-circular DNA; CHB, chronic hepatitis B; DNA, deoxyribonucleic acid; HBV, hepatitis B virus; HD, healthy donors; NK, natutal killer; rcDNA, relaxed circular DNA; RNA, ribonucleic acid.](cmi201624f4){#fig4}

![HBV components inhibited NK cell function and cell viability. Cytotoxicity was evaluated using a CFSE/7AAD assay (**a**), and the levels of the degranulation molecule CD107a and the intracellular cytotoxic mediators perforin and GramB (**b**) in HBV^+^ NK-92 and HBV^−^ NK-92 cells were analyzed using flow cytometry. (**c**) The intracellular levels of IFN-γ, TNF-α in HBV^+^ NK-92 and HBV^−^ NK-92 cells were analyzed using flow cytometry. (**d**) The proliferation of HBV^+^ NK-92 and HBV^−^ NK-92 cells was analyzed using an MTT assay. (**e**) The cell cycle of HBV^+^ NK-92 and HBV^−^ NK-92 cells was analyzed using flow cytometry. (**f**) The apoptotic rate of HBV^+^ NK-92 and HBV^−^ NK-92 cells after serum starvation was analyzed via flow cytometry using PI and APC-labeled Annexin V. One representative of three independent experiments is shown. The data are expressed as the mean±s.e.m. from at least three independent experiments. \**P*\<0.05, \*\**P*\<0.01. HBV, hepatitis B virus; NK, natural killer; Star, serum starvation; Untr, untreated.](cmi201624f5){#fig5}

![HBV dampened the expression of RIG-I and its downstream signaling pathway in NK cells. (**a**) The levels of CD107a and molecules associated with cytolysis, perforin and GramB, in HBV^+^ NK-92 cells in response to poly (I:C) stimulation were analyzed using flow cytometry. (**b**) The intracellular levels of IFN-γ and TNF-α in HBV^+^ NK-92 cells in response to poly (I:C) stimulation were analyzed using flow cytometry. (**c**) TLR and RIG-I mRNA (left) and protein (right) levels in HBV^+^ NK-92 and control cells. (**d**) The RIG-I expression levels in CD56^+^CD3^−^ NK cells from HD and CHB patients were assessed through flow cytometry. (**e**) The pcDNA5-RIG-I CARD plasmid was used to transfect HBV^+^ NK-92 cells (left), and the analysis of the CD107a expression is shown (right). (**f**) WB blot analysis for NF-κB (p65) and p38 activation in HBV^+^ NK-92 cells in response to poly (I:C) stimulation (left). The densitometric analysis for p-NF-κB and p-p38 expression is normalized to their total protein levels in NK-92 cells stimulated with poly (I:C) for 15 min, and the control group of unstimulated HBV^−^ NK-92 cells was set as 1 (right). (**g**) NF-κB (p65) and p38 phosphorylation levels in primary CD56^+^CD3^−^ NK cells from HD and CHB patients. The RIG-I expression (**h**), NFκB and p38 phosphorylation levels (**i**) in NK cells from HD were analyzed using flow cytometry after CHB exosome treatment. One representative of at least three independent experiments is shown. The data are expressed as the mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01. CHB, chronic hepatitis B; HBV, hepatitis B virus; HD, healthy donors; NK, natural killer; WB, western blotting.](cmi201624f6){#fig6}

![Schematic of exosome-mediated HBV transmission and NK cell dysfunction. In CHBV infection, exosomes are derived from the internal vesicles of multivesicular bodies (MVBs) of HBV-infected hepatocytes. MVBs fuse with the plasma membrane and release exosomes that contain HBV components. Then, these exosomes transmit HBV into naive hepatocytes and even NK cells. In NK cells, HBV nucleic acids transmitted by exosomes affect NK cytolytic activity, cytokine production, and cell proliferation. The underlying mechanisms are associated with RIG-I expression and NF-κB and p38 activation.](cmi201624f7){#fig7}

###### Clinical characteristics of the enrolled subjects

                       **Healthy donors (HD) (n=48)**   **Chronic hepatitis B patients (CHB) (n=52)**
  -------------------- -------------------------------- -----------------------------------------------
  Age (range), years   37 (20--57)                      39 (20--60)
  Male, *n* (%)        30 (62.5%)                       32 (61.5%)
  ALT U/ml (range)     22.6±11.3                        31.0±9.20
  AST U/ml (range)     22.5±6.23                        24.3±6.78
  TB μmol/l (range)    ---                              12.8±5.35
  DB μmol/l (range)    ---                              4.09±1.23
  HBsAg-positive (%)   0                                52 (100%)
  HBeAg-positive (%)   0                                52 (100%)
  HBcAb-positive (%)   0                                52 (100%)

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; TB, total bilirubin; DB, direct bilirubin.
